Voltage-gated Na + channels are integral membrane proteins that function as a gateway for a selective permeation of sodium ions across biological membranes. In this way, they are crucial players for the generation of action potentials in excitable cells. Voltage-gated Na + channels are encoded by at least nine genes in mammals. The different isoforms have remarkably similar functional properties, but small changes in function and pharmacology are biologically well-defined, as underscored by mutations that cause several diseases and by modulation of a myriad of compounds respectively. This review will stress on the modulation of voltage-gated Na + channels by scorpion alpha-toxins. Nature has designed these two classes of molecules as if they were predestined to each other: an inevitable 'encounter' between a voltage-gated Na + channel isoform and an alpha-toxin from scorpion venom indeed results in a dramatically changed Na + current phenotype with clear-cut consequences on electrical excitability and sometimes life or death. This fascinating aspect justifies an overview on scorpion venoms, their alpha-toxins and the Na + channel targets they are built for, as well as on the molecular determinants that govern the selectivity and affinity of this 'inseparable duo'.
Introduction
Voltage-gated Na + channels (VGSCs) are transmembrane protein complexes that form pores across the cell membrane through which specific ions can diffuse . These channels are key elements in cellular function since they participate in the generation and propagation of action potentials in neurons and most electrically excitable cells present in different tissues from various organisms (Denac et al., 2000; Goldin, 2001) . Studies have indicated that VGSCs are composed of a pore-forming α-subunit (approximately 260 kDa) which can be associated with up to four different β-subunits (30-40 kDa) (Catterall et al., 2005; . The α-subunits are organized in four homologous domains (DI-IV), each containing six transmembrane α-helices (S1-S6) and a pore lining loop located between S5 and S6. The S4 segment in each domain contains positively charged amino acid residues at every third position and is believed to play a key role in channel activation (Guy and Seetharamulu, 1986) . The short intracellular loop connecting homologous DIII and DIV, in particular a short sequence of hydrophobic residues (the IFM sequence), serves as the inactivation gate .
To whom correspondence should be addressed: J. Tytgat, Laboratory of Toxicology, University of Leuven, O&N 2, Postbus 922, Herestraat 49, 3000 Leuven, Belgium. Fax: +3216323405, Tel.: +3216323403. E-mail: Jan.Tytgat@pharm.kuleuven.be; http://www.toxicology.be.. The β-subunits of the VGSC appear to have dual functions: modulation of channel gating and cell-cell interaction (Stevens et al., 2001; . They consist of a large, glycosylated extracellular domain, a single transmembrane segment, and a small intracellular domain. Expression of the α-subunits of brain or skeletal muscle VGSCs alone in Xenopus laevis oocytes yields sodium currents that activate and inactivate more slowly than expected from recordings of dissociated neurons or myocytes. Co-expression with the β-subunits accelerates channel gating to normal rates. Up till now, four β-subunits have been identified and functionally expressed. The structural similarity of the β-subunits to cell adhesion molecules suggests that they perform similar functions, and direct experimental support for this idea has come from recent experiments on interaction of the β subunits with extracellular proteins such as tenascin-C and tenascin-R .
A variety of different VGSCs has been identified by electrophysiological recording, biochemical purification, and cloning (SCNA genes). To eliminate confusion resulting from the multiplicity of names, a standardized nomenclature (e.g., Na v 1.1a) was developed (Catterall et al., 2005; Goldin et al., 2000) . The nine mammalian VGSC isoforms that have been identified so far are all more than 50% identical in amino acid sequence in the transmembrane and extracellular domains. There is a tenth isoform, termed Na x , which has approximately 50% sequence identity to the other mammalian VGSCs. Because the Na x channel has not been functionally expressed, it is possible that this gene does not encode a VGSC, which is why it has not been assigned a number yet. Phylogenetic analysis has been previously applied to SCNA genes in order to determine the evolutionary history of the vertebrate SCNA gene family. The phylogenetic estimates of previous studies differ significantly. An state-of-the-art overview combined with new data can be found in a recent article by Novak et al. (2006) (but see also Catterall et al., 2005) .
The primary structure of insect VGSCs is similar to that of mammalian VGSCs. The first insect VGSC gene, para, was cloned from Drosophila melanogaster (Warmke et al., 1997) . Since then, several insect VGSC proteins, e.g. Drosophila Para, housefly Vssc1, cockroach Para CSMA and cockroach BgNa v 1-1 have been functionally expressed in Xenopus laevis oocytes (Soderlund and Knipple, 2003; Tan et al., 2005 ). An arachnid VGSC gene from the Varrao mite (VmNa) was also identified but has not yet been functionally expressed . Recently, two new VGSCs were cloned from arachnids; the scorpion Buthus martensii (BmNa v 1) and from the spider Ornithoctonus huwena (OhNa v 1) (Zuo et al., 2006 ).
An auxiliary-regulatory β subunit for the insect VGSC has also been identified. It was found that the tipE protein, an acidic membrane protein of 50 kDa with two putative membranespanning domains, stimulates functional expression of para VGSCs (Feng et al., 1995) .
In addition to the differences in cellular and tissue expression, mammalian VGSCs also have differential expression profiles during development and different subcellular localizations, consistent with a distinct role for each channel in mammalian physiology (Goldin, 2001) . Four isoforms, Na v 1.1, Na v 1.2, Na v 1.3 and Na v 1.6, are expressed at high levels in the central nervous system (CNS). Two isoforms are abundant in muscle: Na v 1.4 in adult skeletal muscle and Na v 1.5 in embryonic and denervated skeletal muscle and heart muscle. Three isoforms, Na v 1.7, Na v 1.8 and Na v 1.9, are expressed primarily in the peripheral nervous system. A number of human diseases have been identified that result from aberrant VGSC activity. Mutations in Na v 1.4 have been shown to cause three neuromuscular diseases: hyperkalemic periodic paralysis, paramyotonia congenita, and the potassium-aggravated myotonias (Cannon, 2001; Goldin, 2001) . Mutations in Na v 1.5 have been shown to cause a cardiac pathology called the long QT syndrome. Several types of general epilepsy with febrile seizures plus (GEFS+) have been demonstrated to result from mutations in human CNS VGSC-related genes (Hains et al., 2003; Spampanato et al., 2001) . GEFS+ type 1 results from a mutation in the β 1 subunit gene and GEFS+ type 2 results from mutations in the gene encoding Na v 1.1. In the literature there is ample evidence that several VGSCs are also major players in pain sensation (Baker and Wood, 2001; Julius and Basbaum, 2001) . Na v 1.8 seems to play first fiddle in nociception. This channel is expressed not only in the central nervous system, but also in peripheral neurons such as the small diameter nociceptor neurons of dorsal root ganglia (DRG) that originate in afferent nociceptive fibers such as the C-fibers and Aδ fibers (Akopian et al., 1996; Akopian et al., 1999) .
Also in insects, VGSCs play an important role. Pyrethroids, which affect the insect VGSC, are commonly used as insecticides in crop protection, animal health, and the control of insects that endanger human health. Pyrethroids paralyse flying insects and, as such, are known as knockdown insecticides. The intensive use of these insecticides has led to the development of resistance in many insect species. One of the most important mechanisms of resistance in insects is the knockdown resistance (or kdr), caused by several mutations in the para gene (L1014F and M918T) which confers cross resistance to the entire class of pyrethroids (Inceoglu et al., 2001; Soderlund and Knipple, 2003; Vais et al., 2001) .
Venoms are produced in specialized tissues or glands, which often are connected with delivery structures (stings, teeth, etc.) . Envenomation takes place after parenteral application or upon contact with venoms. Most often, venoms consist of complex mixtures of different chemical substances. Toxins are toxic substances occurring in venoms and poisons with in many cases very specific actions on biological systems. As crucial components of the development of action potentials, VGSCs are one of the foremost targets of animal venoms and toxins. Toxins from scorpion, sea anemone, cone snail, spider and insect venoms have been used to describe nine different receptor sites on the α-subunit of VGSCs. All of them are linked to specific effects on channel function but only sites 1-5 are molecularly defined (Leipold et al., 2005) . Site 1 binds toxins that interfere with the ion transport by physically occluding the pore: these toxins include tetrodotoxin (TTX) from the puffer fish, saxitoxin from dinoflagellates, and the μ-conotoxins from cone snails. TTX was discovered nearly 40 years ago and enabled scientists to purify and study more closely the outer pore of the VGSCs (Agnew, 1984; Catterall, 2000; Miller et al., 1983) . All VGSC isoforms can be divided into two groups according to their sensitivity to TTX. Na v 1.5, Na v 1.8 and Na v 1.9 are TTX-resistant (TTX-r) and the other isoforms are TTX-sensitive (TTX-s). A wide variety of polypeptides isolated from the venom of marine and terrestrial invertebrates are known to prolong action potential kinetics via their ability to bind to the extracellular Site 3 on the VGSC in a membrane potential-dependent manner. Among these ligands are the scorpion α-toxins, sea anemone and some spider toxins (δ-atracotoxins) (Alsen et al., 1981; Benzinger et al., 1997; Gordon et al., 1996; Grolleau et al., 2001; Pelhate et al., 1984) . In fact, Site 3 was identified as a result of studying insect VGSCs by binding of radiolabeled toxins such as 125 I-LqhαIT, 125 I-ATX II, and 125 I-δ-atracotoxin Hv1a Gilles et al., 2002; Gordon et al., 1996; Gordon and Zlotkin, 1993; Pauron et al., 1985) . In addition to the large number of scorpion toxins that delay inactivation by binding to Site 3, there is a second class of scorpion toxins that shift the membrane potential dependence of channel activation by binding to Site 4. These scorpion β-toxins were first identified more than 20 years ago and were quickly shown not to compete with α-toxins in binding to VGSCs (Couraud et al., 1982; Couraud et al., 1986; Fontecilla-Camps et al., 1980; Zlotkin et al., 1985) . Recently, a study by Corzo et al. (Corzo et al., 2005) indicated that this classification into receptor sites and the consequent physiological effects might not be so exclusive. δ-Palutoxins from the spider Paracoelotes luctuosus slow VGSC inactivation in a fashion similar to that of receptor Site 3 modifiers but they actually bind with high affinity to the topologically distinct receptor Site 4 linked to scorpion β-toxins.
Scorpion venoms and toxins

Venom composition
Scorpions (class of Arachnida, Order Scorpiones) have been roaming this planet for more than 400 million years which makes them one of the most ancient groups of animals. Approximately 1500 different species exist, which have conserved their morphology almost unaltered (Fet et al., 2000) . Out of all these species, 50 are dangerous to humans. Scorpion stings cause a wide range of conditions, from severe local skin reactions to neurologic, respiratory, and cardiovascular collapse. Almost all of these lethal scorpions, except the Hemiscorpius species, belong to the family of the Buthidae. This family is characterized by a triangular-shaped sternum, in contrast to the pentagonal-shaped sternum found in the other five scorpion families. Dangerously venomous scorpions tend to have weak-looking pincers, thin bodies, and thick tails, as opposed to the strong heavy pincers, thick bodies, and thin tails present in non lethal scorpions. The lethal members of the Buthidae family include the genera of Androctonus (Northern Africa to Southeast Asia), Buthus (Mediterranean), Centruroides (Southwest USA, Mexico, Central America), Leiurus (Northern Africa and Middle East), Mesobuthus (Asia), Parabuthus (Western and Southern Africa), and Tityus (Central and South America, Caribbean). However, these scorpions may be found outside their habitat range of distribution when inadvertently transported with luggage and cargo.
Scorpion venoms are highly complex mixtures of enzymes, peptides, nucleotides, lipids, mucoproteins, biogenic amines and other unknown substances. Neurotoxins present in scorpion venoms have evolved towards a specific bioactivity aimed at attacking and immobilizing prey and as a defense against predators. In addition, multiple toxins can be present in the venom of a single species of scorpion, which pretty much guarantees that the venom will be capable of producing potent synergistic effects when injected into another party. The bioactivity of the neurotoxins present in scorpion venoms also exhibits a high level of specificity: the venom from a single species of scorpion may contain a toxin preferentially targeting mostly invertebrates, other only vertebrates. More information about the phylogeny of scorpion toxins can be found in a recent comprehensive paper by de la Vega et al. (2005) .
The best studied groups of components from scorpion venoms are the polypeptides that recognize ion channels and receptors in excitable membranes. In fact, the overall toxicity of scorpion venom to humans has mainly been attributed to the activity of long chain toxins affecting VGSCs (Martin-Eauclaire and Couraud, 1995) . This group can be divided into two classes: α-toxins which bind to Site 3 and β-toxins which bind to Site 4. According to their different pharmacological preferences, the scorpion α-toxins can be divided into three subgroups: classical α, α-like, and insect α-toxins. Classical α-toxins are very toxic to mammals (e.g., AaH II from Androctonus australis Hector, Lqh II from Leiurus quinquestriatus hebraeus). They are highly active in mammalian brain (reported LD 50 's by intracerebroventricular (i.c.v.) injection into mice range between 0.5 to 20 ng per 20g bodyweight) and bind with high affinity to rat brain synaptosomes (K D = 0.2-5 nM) (Jover et al., 1978; Legros et al., 2005) . Furthermore, the binding of AaH II is increased by veratridine binding to Site 2 (Gordon and Zlotkin, 1993) . Site 5 and Site 7 toxins like brevetoxin and several pyrethroids have also been shown to allosterically alter the binding of scorpion α-toxins to Site 3 (Cestele et al., 1995; Gilles et al., 2003; Sharkey et al., 1987) . Insect α-toxins are especially toxic for insects (e.g., LqhαIT from Leiurus quinquestriatus hebraeus) (Housset et al., 1994; Li et al., 1996; Tugarinov et al., 1997) . Their toxicity towards mice is very low (LD 50 >1 μg/20 g mouse by i.c.v. injection), but their binding affinity to insect neuronal preparations is high (K D = 0.06-1 nM). In contrast to classical α-toxins, the binding of LqhαIT to insect neuronal membranes is reported to be independent of membrane potential (Gordon and Zlotkin, 1993) . The α-like toxins act on both mammals and insects but do not bind to rat brain synaptosomes (mostly Na v 1.2) despite a high toxicity by intravenous injection (e.g., BmK M1 from Buthus martensii Karsch, Lqh III from Leiurus quinquestriatus hebraeus) Brone et al., 2003; Goudet et al., 2001; He et al., 1999; Krimm et al., 1999) . These toxins are active on mice by i.c.v. injection (LD 50 = 23-50 ng/20 g mouse), but barely compete for 125 I-AaHII binding to rat brain synaptosomes Krimm et al., 1999; Sautiere et al., 1998; Vargas et al., 1987) . Scorpion βtoxins bind to receptor Site 4 of the VGSC, located in the extracellular linkers of DII, thereby modifying the activation process of the channel (Cestele and Catterall, 2000; Cestele et al., 2001; Mejri et al., 2003) . This group of toxins includes both mammalian and insect-selective toxins. Although α-toxins and β-toxins bind at two different sites on the VGSC, synergic effects were reported recently when both were co-injected into insects. Using radio-ligand binding assays, Cohen and coworkers found positive allosteric interactions between the excitatory toxin Bj-xtrIT, and the depressant toxins LqhIT2 and LqhαIT (Cohen et al., 2006) . Even a nontoxic mutant Bj-xtrIT-E15R was able to enhance LqhαIT binding and toxicity similarly to the native Bj-xtrIT. The authors conclude that mere binding of a nontoxic ligand to receptor Site 4 induces a conformational change that does not alter channel gating, but influences toxin binding at receptor Site 3 leading to enhanced toxicity. Their finding suggests a new functional role for weakly toxic polypeptides in enhancing the effect of other active neurotoxins in arthropod venom.
Importance of scorpion toxins
Scorpion toxins have already proven to be important pharmacological tools for probing the structure of the VGSC and studying the activation and inactivation processes that are a fundamental trademark of VGSCs (e.g. Cestele et al., 2001) . Another important application of scorpion toxins is based on their ability to discriminate between vertebrate and invertebrate channels. Insect-selective scorpion toxins could serve as templates for further development of novel insecticides (Arnon et al., 2005; Gordon, 1997; Zlotkin, 1999; Zlotkin et al., 2000) . Since the intensive use of classical insecticides has led to the development of resistance in many insect species, projects to replace these chemical substances have already been undertaken. The lack of toxicity of AaHIT in mammals, for example, and its highly potent activity on insects has been used to reinforce the natural insecticidal ability of baculoviruses (Zlotkin et al., 2000) . The insertion of the gene coding for AaHIT causes a higher killing speed of insects by the baculovirus (particularly against lepidopterans). More recent research in this field focused on the enhancement of the baculovirus' insecticidal efficacy with scorpion toxins that interact cooperatively (Regev et al., 2003) . However, more work is needed before recombinant baculoviruses can be considered as an alternative or complement for the chemical insecticides that are used nowadays.
Sequences and structures of scorpion α-toxins
Up to now, hundreds of distinct peptides have been purified from ±30 different species of scorpions (see Figure 1) (Possani et al., 1999; Possani et al., 2000) . The purification process generally starts with chromatographic columns that separate venoms into peptide fractions based on molecular mass (size-exclusion gel filtration), followed by ion-exchange resins and finally reverse-phase columns. Currently, direct separation of peptides by HPLC (in combination with mass spectrometry), or use of HPLC directly after a molecular mass separation of soluble venoms is more common.
Predictions suggest that close to 100 000 distinct polypeptides are present in all known scorpion species (Possani et al., 1999) . From this total, only 1% is currently known. Furthermore, for several of these peptides, a function has yet to be assigned. Lately, the amino acid sequence of VGSC toxins have been obtained by sequencing cDNA clones. These new sequences are not included in Figure 1 , because of the uncertainty about the C-terminal sequence of mature peptides.
Structure-function studies only became possible after the purification of toxins on a large scale. Yet, scorpion venoms are not easy to collect and their venom quantity is generally low (as compared to snakes, for instance). Consequently, two techniques have contributed to overcome the scarcity and cost of natural toxins: recombinant expression and chemical synthesis. The insecticidal toxin LqhαIT Zilberberg et al., 1996) and several mutants were produced by recombinant expression and used for identifying residues important for activity. The α-like toxin BmKM1 was expressed in yeast (Shao et al., 1999) . Recombinant variants of this toxin were used in several extensive studies Sun et al., 2003; Ye et al., 2005) .
Chemical synthesis may be considered as an alternative to recombinant expression of more difficult toxins. This technique offers the possibility of making mutants with unusual residues. Successful chemical syntheses of short scorpion neurotoxins affecting voltage-gated potassium channels have been reported (Giangiacomo et al., 1993; Kharrat et al., 1996; Sabatier et al., 1994; Torres et al., 2003) . However, chemical synthesis of long-chain toxins has proven to be more difficult. Only recently, the first successful chemical synthesis using a Fmoc strategy of Aah I, by M' Barek et al. (2004) , was reported (M' Barek et al., 2004) . The synthetic Aah I showed physical-chemical, biochemical, immunochemical and pharmacological properties similar to those of the natural toxin. In voltage-clamp experiments, Na v 1.2 inactivation was prevented by both the application of the synthetic toxin or of the natural toxin in a similar way.
In general, scorpion neurotoxins targeting VGSCs are single chain polypeptides composed of 60-76 amino acids cross-linked by four disulfide bridges which possess a highly conserved, dense core formed by an α-helix and two to three strands of β-sheet structural motifs, stabilized by the disulfide bridges. The scorpion toxin fold families are based on their β-sheet and α-helical structures and include the βαββ family (Housset et al., 1994) and the βααββα family (Oren et al., 1998) which are all stabilized by the four disulfide bridges (Ali et al., 2006; Mouhat et al., 2004) . To better understand the role of these disulfide bridges, Sun et al. (Sun et al., 2002) performed a mutagenesis analysis of BmK M1, from the scorpion Buthus martensii Karsch for the four disulfide bonds, 12-63, 16-36, 22-46 and 26-48 . All cysteines were replaced by serines. Recombinant variants (C22S, C46S) and (C26S, C48S) were not expressed at all; (C16S, C36S) could be expressed at trace levels but was extremely unstable. (C12S, C63S) could be expressed in an amount comparable with that of unmodified BmK M1, but had no detectable bioactivities. The results indicated that among the four disulfide bonds, loss of either bridge C22 C46 or C26 C48 is critical for the general folding of the molecule. Bridge C16 C36 mainly contributes to the global stability of the folded scaffold, and bridge C12 C63 plays an essential role in the functional performance of scorpion toxins.
Electrophysiological aspects of scorpion α-toxins
The foremost effects of scorpion α-toxins are a remarkable slowing of fast inactivation of VGSCs and minor modifications of the voltage dependence of channel activation (Chen et al., 2002; Chen et al., 2005) . Since these Site 3 toxins prevent a component of outward gating charge movement associated with channel inactivation (Sheets et al., 1999) , it is likely that they are able to slow inactivation by preventing the outward movement of the DIV S4 segment, a conformational change necessary for fast inactivation (Cestele and Catterall, 2000) . In this sense, scorpion α-toxins can be considered gating-modifier toxins like grammotoxin; (McDonough et al., 1997) and hanatoxin (Li-Smerin and Swartz, 1998; Swartz and MacKinnon, 1997; Winterfield and Swartz, 2000) . A consequence of scorpion α-toxins in vivo is that they prolong the action potentials of excitable cells. As a consequence, these toxins can kill organisms by inducing paralysis and arrhythmia. However, the binding affinity of scorpion α-toxins to mammalian VGSCs is reduced by membrane depolarization and increased by alkaloid binding at Site 2 (Catterall, 1979; Catterall et al., 1992; Chen et al., 2000; Conti et al., 1976; Strichartz et al., 1987) . In 2001, Chen and co-workers studied the interaction of scorpion α-toxins Lqh II, Lqh III, and Lqh αIT with Na v 1.5 (Chen and Heinemann, 2001 ). As seen before, the toxins removed fast inactivation. However, association and dissociation rates of Lqh III were much slower than those of Lqh II and LqhαIT, to the extent that Lqh III would not dissociate from the channel during a cardiac activation potential. Toxin dissociation remained voltage dependent even at high voltages. Slow inactivation of Na v 1.5 was significantly enhanced by Lqh II and Lqh III. The half-maximal voltage of steady-state slow inactivation was shifted to negative values, the voltage dependence was increased and slow inactivation at high voltages became more complete indicating that VGSC slow inactivation is directly modulated by scorpion α-toxins.
Molecular determinants of scorpion α-toxin selectivity
Focus on the toxin
The molecular dissection of the interaction between scorpion α-toxins and VGSCs has been a broadly studied theme in toxinology. Since the pioneering work of several researchers in the 60's and 70's, the availability of producing recombinant and/or synthetic toxins and the cloning and heterologuous expression of almost all subtypes of VGSCs has caused major advancements in this field. As reader you will notice that a recurring theme in scorpion α-toxin research is AaH II, the mammalian-specific toxin from Androctonus australis Hector, on which most studies are based.
In 1976, Habersetzer-Rochat and Sampieri studied the chemical modification of some trifunctional amino acid residues in AaH I, II, and III of the scorpion Androctonus australis Hector (Habersetzer-Rochat and Sampieri, 1976). The results indicated that: (1) reduction and methylation of one disulfide bridge destroyed the toxic activity of AaH II; (2) the only tryptophan residue of AaH II (at position 38) is not included in the active site of the molecule; (3) modification of five carboxylates out of the seven contained in AaH II suppresses the toxic activity; (4) acetylation of the lysine and tyrosine residues leads to the loss of both toxic and antigenic activity; (5) citraconylation of AaH II and AaH III leads to complete loss of toxicity; decitraconylation restores full activity; (6) alkylation of AaH II by iodoacetic acid affects both amino groups and histidine residues. The loss of toxicity was mainly due to the modification of the lysine residues.
In 1986, five antibody populations selected for their specificity toward various regions of AaH II were used to probe the interaction of this toxin with its receptor site on the VGSC (el Ayeb et al., 1986) . These studies indicated that two antigenic sites, one located around the disulfide bridge including residues 12-63 and one encompassing residues 50-59, are involved in the molecular mechanisms of toxicity neutralization. Fab fragments specific to the region around disulfide bridge 12-63 inhibited binding of the 125 I-labeled toxin to its receptor site. Furthermore, these two antigenic regions were inaccessible to their antibodies when the toxin is bound to its receptor site.
When the 3D structures of AaH II (Figure 2 ) and CsE V3 were elucidated about twenty years ago, the conserved hydrophobic surface (CHS) region, mainly including Tyr5, Tyr35 and Trp/ Tyr47, was proposed to be responsible for the pharmacological effect of these toxins (Fontecilla-Camps et al., 1982; Fontecilla-Camps et al., 1980; Fontecilla-Camps et al., 1988) . Though the CHS was found in all scorpion toxin structures known today, this assumption required experimental identification. The individual residues in this cluster (e.g. Trp38 in AaH II, Tyr49 in LqhαIT) have been assessed by chemical modification (Kharrat et al., 1989) or mutagenesis analysis Zilberberg et al., 1996) and showed to play an important role in bioactivity. In 1989, Kharrat and co-workers suggested that aromatic residues belonging to the CHS, to the C-terminal and to the loop region 37-44 were involved in the molecular mechanisms by which scorpion α-toxins act (Kharrat et al., 1989) . Charged residues in the N-terminal and C-terminal also contribute to the high efficacy of the binding process (Figure 2) . They stated that all important residues are clustered on one face of the toxin, suggesting a multipoint interaction with the VGSC. In 1990, they studied the contribution of arginine residues to the general toxicity of scorpion α-toxins by modifying these amino acids in AaH I and AaH II by phenylglyoxal or p-hydroxyphenylglyoxal (Kharrat et al., 1990) . Their results furnished a more precise picture of those residues involved in the "toxic region", which appeared to be composed of residues belonging to the CHS and to the C-terminal and Nterminal sequences. Recently, the importance of these conserved aromatic residues in BmK M1 was re-investigated using site-directed mutagenesis in combination with tests on mice and cloned VGSCs expressed in Xenopus laevis oocytes (Sun et al., 2003) . In this study, it was shown that Trp38 and Tyr42 are mostly involved in the functional performance of the toxin and that the side chains of residues Trp47, Tyr14 and Tyr35 are important for the structural stability of BmK M1. Tyr5 appears to be vital for the correct folding of the toxin. Tyr21, residing in the α-helix of the toxin, is putatively not a crucial determinant for the structure and pharmacological function of the toxin.
In 2004, Benkhadir et al. (Benkhadir et al., 2004) , cloned and expressed the scorpion α-toxin BotIII and confirmed the critical role of the C-terminal region for its interaction with VGSCs. The importance of this region is reported in other studies as well (Gurevitz et al., 2001 ). In the study of Benkhadir et al. (2004) , BotIII was studied together with AaH II which was expressed before. They came to the following conclusions: (a) the affinity of recombinant BotIII-OH and recombinant AaH II-OH (rBotIII-OH with R10V, V51L, N64H) for the VGSCs is reduced compared to the native toxins; (b) the single mutation N64H is responsible for the difference of toxicity and affinity between rBotIII-OH and rAahII-OH and (c) the addition of the sequence GR to rBotIII-OH leads to the loss of biological activity. Remarkably, in this study it was reported that C-terminal carboxylation of AaH II decreases its potency on rat brain synaptosomes. However, in 2005, Legros et al. (Legros et al., 2005) expressed AaH II and some of its mutants in order to identify putative key bioactive elements. There it was stated that the lack of amidation on the C-terminal residue His64 does not affect the pharmacological activity of AaH II. On the contrary, the replacement of Lys58 by a hydrophobic (Val and Ile) or acidic (Glu) amino acid residue immediately led to an inactive analogue leading to the conclusion that this position is imperative for the pharmacological function of this toxin family.
The importance of the C-terminal region for the target specificity of BmK M1 was also reported in another study in 2005 . Here, it was stated that there are three epitopes that determine the VGSC specificity of this toxin: 1) the first three N-terminal residues, 2) the fiveresidue-turn (residues 8-12) in combination with the C-tail (residues 57-61), and 3) the loop between the β 2 and β 3 sheet including the adjacent Gly in the β 3 sheet (residues 40-43). These three domains were in fact a fine-tuning of a previously reported hypothesis of Karbat et al. . Here, the molecular basis of the high insecticidal potency of scorpion α-toxins was investigated by extensive mutagenesis and X-ray crystallography (see also (Zilberberg et al., 1996) ) of the insect scorpion α-toxin LqhαIT (importance of Tyr10, Phe17, Lys8, Arg18, Lys62 Arg64 and the structural reconfiguration of the C-tail). Consequently, two distinct domains of this toxin were transferred to AaH II (mammal-specific) resulting in insect activity of this toxin. These two domains consist of a conserved 'Core domain' formed by four to five residues located on the short loops connecting the conserved secondary structure elements of the molecule core, and the five-residue-turn with the C-terminal segment (residues 56-64) which forms the 'NC-domain'. Furthermore, the high insecticidal potency of LqhαIT was suggested to be associated with the protruding conformation of the 'NC domain', which is observed in most known scorpion α-toxins active on insects (Guan et al., 2004; Karbat et al., 2004) . This geometry is correlated with a non-proline cis peptide bond between residues 9 and 10 in the five-residue turn of these toxins. A different, flat geometry of the 'NC-domain' was seen in the crystal structures of the classical α-toxins, AaH II and BmKM8, in which the peptide bond between residues 9 and 10 is in trans conformation (Fontecilla-Camps et al., 1988; He et al., 1999) . In agreement, the crystal structure of a toxin chimera, AaH II LqhαIT(face) , in which the 'NC-domain' of LqhαIT was placed on the AaH II scaffold, revealed a protruding conformation of the 'NC-domain'. This chimera was weakly active on Na v 1.2a but was much more active on insect VGSCs . Bearing the importance of this domain in mind, the role of six critical amino acids located in the five-residue reverse turn (RT) and Ctail (CT) of the scorpion α-like toxin BmK M1 were further dissected by Ye et al. (2005) . The residues were individually substituted and subjected to a bioassay on mice, an electrophysiological characterization on three cloned voltage-gated Na + channels (Na v 1.2a, Na v 1.5 and para), and an X-ray crystallographic investigation. The results revealed two molecular sites, a couple of residues (8-9) in the RT and a hydrophobic surface consisting of residues 57 and 59-61 in the CT, where substitution with specific residues could redirect the α-like characteristics of BmK M1 to either total insect or much higher mammal specificity. Crystal structures revealed that the pharmacological ramification of these mutants is accompanied by the reshaping of the 3D structure surrounding position 8. Furthermore, this study also revealed that residues 57 and 59-61, located at the CT, enclose the critical residue 58 in order to form a hydrophobic 'gasket'. Mutants of BmK M1 that interrupt this hydrophobic surface significantly gain insect-selectivity.
Another molecular determinant for scorpion α-toxin selectivity between VGSC subtypes was reported in 2003 by Alami and co-workers (Alami et al., 2003) . They screened the venom of the scorpion Androctonus mauretanicus mauretanicus by use of a specific serum directed against AaH II, with the aim of identifying new analogues. This led to the isolation of Amm VIII (7382.57 Da), but this toxin was totally devoid of toxicity when injected subcutaneously into mice. Voltage-clamp experiments revealed a preference for Na v 1.2a over Na v 1.4. Amm VIII shows 87% sequence identity with AaH II, but carries an unusual extension at its Cterminal end, consisting of an additional Asp due to a point mutation in the cDNA penultimate codon. The authors hypothesized that this extra amino acid residue could induce steric hindrance and dramatically reduce recognition of the target by Amm VIII. Molecular modelling showed that this C-terminal extension does not lead to an overall conformational change in Amm VIII, but drastically modifies the charge repartition and, consequently, the electrostatic dipole moment of the molecule which could explain the discrimination between different VGSC subtypes.
Focus on Site 3
Already in 1978, Catterall indicated that scorpion α-toxins and sea anemone toxins share a common receptor site associated with action potential sodium ionophores (Catterall and Beress, 1978) (Figure 3 ). In the same year, Couraud and co-workers labeled AaH II with 125 I and showed that this neurotoxin binds specifically to a single class of non interacting binding sites of electrically excitable neuroblastoma cells . The sea anemone toxin ATX II was shown to modify 125 I-labeled AaH II binding to neuroblastoma cells by increasing the apparent K D for labeled scorpion toxin without modification of the number of binding sites. Therefore, the authors concluded that both AaH II and ATX II interact competitively with a regulatory component of the VGSC.
Several years later, Thomson and Catterall suggested that the extracellular loops between segments S5 and S6 of DI and DIV comprised at least part of the scorpion α-toxin receptor site (also studied in (Tejedor and Catterall, 1988) ) by evaluating the effect of antibodies on voltagedependent binding of radiolabeled toxin isolated from Leiurus quinquestriatus to both reconstituted Na v 1.2a and rat brain synaptosomes (Thomsen and Catterall, 1989) . They also suggested a VGSC membrane topology model in which DI and DIV are adjacent in the tertiary structure of the channel protein and six transmembrane sequences are contained in each of the four homologous domains.
In 1996, Rogers and co-workers converted extracellular acidic amino acids in DI and DIV of Na v 1.2a to neutral or basic amino acids using site-directed mutagenesis (Rogers et al., 1996) . Conversion of individual residues in the DIV S3-S4 loop identified seven residues whose mutation caused significant effects on binding of scorpion α-toxin (LqTx) or sea anemone toxin (ATXII) indicating their common binding site. In addition, chimeric VGSCs in which amino acid residues at the extracellular end of S3 in DIV of Na v 1.5 were substituted into the Na v 1.2 sequence had reduced affinity for LqTx. Electrophysiological analysis showed that E1613R had 62-and 82-fold lower affinities for LqTx and ATX-II, respectively. These results indicated that non-identical amino acids of the DIV S3-S4 loop participate in scorpion α-toxin and sea anemone toxin binding to overlapping sites and that neighboring amino acid residues in the DIV S3 segment contribute to the difference in scorpion α-toxin binding affinity between cardiac and neuronal VGSCs. Other research groups, focusing on finding residues important for scorpion α-toxin binding, have highlighted residues in this loop region in DIV too (Leipold et al., 2004 ). Chen and co-workers tested Lqh2 and Lqh3 on rat(r) Na v 1.2 and human(h) Na v 1.7 (Chen et al., 2000) . At Site 3, rNa V 1.2 and hNa V 1.7 channels differ only in two residues (E/D and K/T). To examine the importance of these substitutions for toxin binding, they constructed a mutant of rNa V 1.2, E1613D/K1617T, in which receptor Site 3 became identical to that of hNa V 1.7. This double-site mutation conferred sensitivity of rNa V 1.2 channels towards Lqh3 whilst the sensitivity to Lqh2 was not modified and did follow that of hNa V 1.7. The authors hypothesize that this result may indicate that other parts of the channel protein, such as the S5-6 linker of domain 1 (Rogers et al., 1996) could be particularly important for Lqh2 binding.
In 2000, Gilles and co-workers also studied Lqh3 but from a different perspective, namely that this toxin binds with higher affinity to receptor Site 3 on the insect VGSCs but does not bind to rat brain synaptosomes (Na v 1.2) (Gilles et al., 2000) . Radioiodination of Tyr14 in Lqh3 abolished its binding to locust but not cockroach VGSCs. In contrast, radioiodination of Tyr10 or Tyr21 in the structurally similar α-toxin LqhαIT, as well as their substitution by phenylalanine, had only minor effects on binding to cockroach neuronal membranes. However, substitution of Tyr21 but not Tyr14 by leucine decreased the binding affinity of LqhαIT severely. These results highlight subtle architectural variations between locust and cockroach receptor Site 3, in addition to previous results demonstrating the competence of Lqh3 to differentiate between insect and mammalian VGSC subtypes.
In 2004, Leipold and co-workers found that rNa V 1.4 was equally sensitive to Lqh2, LqhαIT, and Lqh3 (Leipold et al., 2004) . For this reason, they used this VGSC for studying the effects of substitutions based on the sequences of other channel subtypes.By transferring the linker of DIV S3-S4 from Na V 1.2 and Na V 1.3 to Na v 1.4, they abolished the sensitivity to Lqh3 and to LqhαIT, but not to Lqh2. Substitution with the DIV S3-S4 linker from Na V 1.6 had only a minor effect on the activity of all toxins. Remarkably, the same linker from hNa V 1.7 significantly reduced the LqhαIT effect and to a lesser extent that of Lqh2. Surprisingly, this substitution had no effect on Lqh3 activity. When individually studying the residues of these loops, the authors found that Asp1428 in Na V 1.4 (equivalent to Glu1613 in rNa v 1.2a), was critical. A conserved substitution, D1428E, greatly decreased the effects of Lqh3 and LqhαIT, while the effect of Lqh2 persisted. Furthermore, the potency of LqhαIT on Na V 1.4 strongly decreased when both Asp1428 and Lys1432 in Na V 1.4 were substituted, whereas the affinity of Lqh2 was only moderately affected. Recent work by the same authors also implicated the importance of the conserved hydrophobic residues Tyr1433, Phe1434, and Val1435 in DIV S3-S4 of rNa V 1.4 for the activity of Lqh2 but not Lqh3 (Leipold et al., 2005) . Scorpion α-like toxins target both mammalian VGSCs and insect VGSCs but do not bind to rat brain synaptosomes (mostly Na v 1.2). Zuo and Ji (2004) looked deeper into this interesting feature by comparing a large amount of structural and functional data (Zuo and Ji, 2004) . By comparing sequences they noticed that an important anionic residue (Asp) for α-toxins is present in the insect VGSC and rNa v 1.4, 1.5 and 1.6 (Figure 3) . Consequently, this residue could not be the only determinant of the binding of insect α-toxins. Further inspection of this region revealed that the consecutive residues in insect VGSCs are Leu-Val-Leu-Ser, Leu-AlaLeu-Ser in the sensitive mammalian isoform rNa v 1.4, and Thr-Val-Leu-Ser in rNa v 1.5. However, these residues correspond to Met-Phe-Leu-Ala in the insensitive isoforms rNa v 1.1-1.3 and rNa v 1.6. Consequently, the authors conclude that receptor sites for scorpion α-like toxins and insect α-toxins are not identical but do overlap. More evidence for this statement was found in the sequence comparison of rNa v 1.7 and hNa v 1.7 which reveals that these channels are almost identical in DIV S3-S4, with the exception of a Glu that is critical for scorpion α-toxin binding (Asp in hNa v 1.7). Yet, according to mutagenesis experiments on rNa v 1.2, this distinction does not determine its sensitivity to mammalian α-toxins. Therefore, the authors conclude that the sequence variation in DIV S3-S4 alone is not adequate to explain selective recognition of mammal-selective α-toxins. The molecular basis of the selectivity of mammal α-toxins possibly involves additional external loops like S5-S6 loops of DI and DIV, as suggested previously (Catterall and Beress, 1978) .
In a league of its own, Na v 1.8 has puzzled researchers for years. This intriguing VGSC seems to be insensitive to all tested scorpion peptide toxins. However, some spider toxins have been reported to act on this channel (Bosmans et al., 2006; Middleton et al., 2002) . In order to find out more about this phenomenon, Saab and co-workers tested the effects of the scorpion venom from Leiurus quinquestriatus (LqTx) on the TTX-resistant VGSC Na v 1.8 in sensory neurons (Saab et al., 2002) . As expected, Na v 1.8 current was found to be resistant whereas LqTx slowed inactivation of the current generated by Na v 1.4 and induced a persistent current. Sequence analysis reveals that the DIV S3-S4 linker is longer in Na v 1.8 than in Na v 1.4 by four amino acids: Ser, Leu, Glu, and Asp (SLEN) (Figure 3) . Na v 1.4-SLEN, a chimera construct carrying SLEN at the analogous position in the DIV S3-S4 linker, was also found to be resistant to LqTx. Therefore, the authors concluded that the tetrapeptide SLEN at the DIV S3-S4 linker region is sufficient to make Na v 1.8 resistant to LqTx. A reverse chimera, however, was not constructed.
Finally, it has been shown recently that toxins which modulate the gating properties of voltagegated ion channels are able to bind to phospholipids membranes, leading to the suggestion that these toxins are able to access a channel binding site that remains membrane restricted. Based on this information, Smith et al. (Smith et al., 2005) examined the ability of AP-B, a sea anemone toxin that binds to Site 3, to bind to liposomes. The authors also looked into the activity of the structurally unrelated Site 3 toxins LqqV. They concluded that toxins that modify inactivation kinetics via binding to Site 3 lack the ability to bind phospholipids.
In summary, these results all support the view that residues in the S3-S4 loop of DIV are involved in the differential preference of scorpion α-toxins towards VGSCs. However, they also imply that diverse classes of α-toxins interact in a different manner with this channel region, depending on the bioactive surface of each toxin (Leipold et al., 2005; Leipold et al., 2004) . Moreover, other parts of the channel may also be involved. This assumption is supported by the low affinity of Lqh2 for insect VGSCs in which DIV S3-S4 is almost identical in its mammalian counterpart, Na V 1.6, which is a high affinity target of Lqh2. Furthermore, structural flexibility issues of scorpion α-toxins are also likely to contribute to VGSC subtype selectivity (Krimm et al., 1999; Tugarinov et al., 1997) . Critical structural changes in the receptors caused by individual residue replacement (e.g., (Leipold et al., 2004) ) could evoke various sorts of steric hindrance for toxin binding. Depending on the flexibility of the toxin to adapt to the changed receptor, differences in selectivity could be explained.
Figure 1. Toxin sequence comparisons
Toxin sequences were aligned with the algorithm present in VectorNTI. Upper panel shows toxins with highly similar sequences. Cystine bridges are indicated at the bottom of this panel (beneath the consensus sequence). Cystine residues are indicated in red with a grey background. Hydrophobic residues important for structure/function of the toxins are indicated with a green box. Yellow areas display the three functionally important regions of scorpion α-toxins: the N-terminus, the RT-CT domain and the loop between the β 1 and β 2 sheet together with the adjacent glycine. The secondary structure of the toxins is indicated on the top of this panel. The middle panel and the lower panel display less similar toxins. Most sequence references can be found in (Possani et al., 1999; Possani et al., 2000) . Additional references are: (Alami Alignment of Site 3 of vertebrate VGSCs and invertebrate VGSCs. Accession numbers are given on the right (left column: rat; right column: human). If the rat (r) and human (h) channel are different in Site 3, both of them are displayed beneath one another. Functionally important residues for scorpion α-toxins and sea anemone toxins are indicated in white with a black background. Residues shown to be important for scorpion α-toxins are indicated with a red background. The yellow box indicates residues studied by Saab et al. 2002. 
